ABSTRACT This paper investigates the problem of event-triggered dynamic output feedback control for networked Takagi-Sugeno (T-S) fuzzy systems with asynchronous premise variables. Our attention is focused on the design of an event-triggered fuzzy dynamic output feedback controller that guarantees that the closed-loop system is asymptotically stable. First, with consideration of the limited bandwidth and restricted network resource, an event-triggered communication scheme is proposed to save the limited network resource. Second, different from the existing results in the literature, a fuzzy dynamic output feedback controller with asynchronous premise variables is constructed such that the premise membership functions are not necessarily the same as the networked T-S fuzzy systems. Then, by using the Wirtinger inequality and some slack matrices, a less conservative stability and stabilization conditions for the existence of fuzzy dynamic output feedback controller are derived in the form of linear matrix inequalities, which can be solved by the standard MATLAB toolbox. Finally, an example is given to demonstrate the effectiveness of the designed event-triggered fuzzy dynamic output feedback controller.
I. INTRODUCTION
The control systems, wherein the control loops are closed via a shared communication network, are called networked control systems (NCSs). Due to the merits such as low cost in installation, easy maintenance and high reliability, NCSs have been received considerable attention. Therefore, numerous research fruits have been reported. For example, H-infinity control [1] - [5] , H-infinity filtering [6] - [10] , output feedback control [11] - [14] , quantized control [15] - [17] . Since the Takagi-Sugeno (T-S) fuzzy model can represent a certain class of nonlinear dynamic systems through fuzzy sets and fuzzy membership functions, it becomes a useful and popular tool to deal with nonlinear systems. Based on T-S fuzzy model, many interesting results have been achieved [18] , [19] . For instance, the problem of filtering for T-S fuzzy time-varying system was investigated [20] . The problem of output feedback control for T-S fuzzy systems with input time-varying delay was studied [21] , in which the stability sufficient condition was given in terms of linear matrix inequalities (LMIs). In order to deal with the external disturbance existing in practical control system, the H ∞ control problem has been studied [22] , [23] . Moreover, the results on the fuzzy quantizer design problem were presented [24] , [25] , the non-fragile filtering problem for system with time-varying was investigated [26] , [27] , the fault tolerant problem for nonlinear system with random packet losses was discussed [28] , the static feedback control problem for T-S fuzzy systems was considered [29] , [30] , and the adaptive neural feedback control problem for nonlinear systems was studied [31] , [32] .
Noticeably, in the aforementioned works, all the signal are transmitted periodically, which leads to a burden on control cost. However, from the limited bandwidth and the network resource utilization point of view, in order to seek for a better performance and save network resource, it is a valuable work to drop the periodic constraint.
Recently, an event-triggered communication scheme was proposed to save network resource and maintain desired performance. Under event-triggered scheme control, the signal could be transmitted only the current signal satisfies the triggering threshold. Due to the advantages such as high utilization of computation, saving network resource and improving the utilization of bandwidth, some valuable results have been reported. The problem of H ∞ control for networked control systems with exogenous disturbances and norm-bounded parameter uncertainties was studied [33] . Yu et al. [34] focused on event-triggered fault detection filtering problem for a continuous time networked control system. Yang et al. [35] proposed an event-triggered predictive control scheme for networked control system with network-induced delays and pack dropouts. Peng and Zhang [36] discussed the problem of event-triggered static output feedback H ∞ control for NCSs with non-uniform sampling. Zhang and Han [37] investigated event-triggered dynamic output feedback control for linear system. Moreover, event-triggered control also has been widely applied to H ∞ filtering [38] , [39] , state feedback control [40] and quantization control [41] .
Although the above-mentioned works on event-triggered NCSs are rich, it should be noted that the limitations still remain in the event-triggered communication scheme and exist some issues to be investigated [42] - [45] . On one hand, most of the aforementioned results are performed for linear NCSs without considering the effects of external disturbance. However, NCSs always exist nonlinearity and external interference in practical engineering. Aiming at coping with the certain types of nonlinearities and external disturbances, Hu et al. [46] proposed an improved event-triggered scheme for a class of T-S fuzzy nonlinear systems and obtained a novel criteria for stabilization analysis. Cheng et al. designed the event-based H-infinity filter for a class of T-S fuzzy systems, which could effectively estimate the unknown states of systems and saved the limited communication resource [47] . Liu et al. [48] proposed a more general triggering scheme to reduce communication frequency between sensors and controllers. Despite the fact, little attention has been paid to event-triggered fuzzy dynamic output feedback control for NCSs. On the other hand, most of the above mentioned results are based on the same premise variables between the fuzzy plant and the output feedback controller. However, due to the network-induced delays exists in communication network, the premise variables of the fuzzy system are not the same as the output feedback controller. Therefore, asynchronous premise variables should be considered in control loops. Recently, some works on event-triggered filtering for T-S fuzzy systems with asynchronous constraints have been investigated [49] , [50] , but on dynamic output feedback control for T-S fuzzy systems with asynchronous constraints has not yet been explored. This is one of the motivations of the current paper.
In addition, from the system conservatism point of view, most of the existing works neglect some useful items in the process of stability analysis. For instance, in [41] , the integral item p kẋ T (s)Z 1ẋ (s)ds was handled by using the traditional inequality method to obtain the items x(p) and the items x(k), but without the items p k x(s)ds, which leads to high conservative for the designed system. Thus, how to contain more useful items and derive a less conservative stability criterion is practically valuable. This is another motivation of this paper.
Motivated by the above mentioned results, in this paper, we focus on designing a fuzzy dynamic output feedback controller for networked T-S fuzzy systems with event-triggered communication scheme and asynchronous premise variables. Compared with the existing works, the main contributions of this paper are listed as follows. (i) A general model of dynamic output feedback control for networked T-S fuzzy systems is constructed, where the networked induced-delay, event-triggered communication scheme and asynchronous premise variables are taken into consideration; (ii) Considering the asynchronous premise variables between the studied system and the controller, a novel fuzzy dynamic output feedback controller design method is provided for the studied system; (iii) An appropriate Lyapunov-Krasovskii functional is constructed. By using Wirtinger inequality and introducing some slack matrices, the stability and stabilization conditions in the form of LMIs are derived for the studied system. The rest of this paper is organized as follows. In section II, problem description and an event-triggered fuzzy dynamic output feedback control model is given subject to asynchronous premise variables and delays. Stability analysis is given in section III. Controller design method is proposed in section IV. In section V, simulation results are given to illustrate the effectiveness of the proposed method. Conclusions are drawn in section VI.
II. PROBLEM STATEMENT
Consider a networked control systems, we generalize the T-S fuzzy model to represent a networked T-S fuzzy systems as follows:
Plant Rule : IF f 1 (x(t)) is W i1 , and f 2 (x(t)) is W i2 , and, . . . , and
where x(t) ∈ R n is the state vector, u(t) ∈ R m 1 is the control input, z(t) ∈ R n 1 is the controlled output, y(t) ∈ R n 2 is the measured output, ω(t) ∈ R m 2 denotes the disturbance input vector which belongs to L 2 ∈ [0, ∞). W ij (i = 1, 2, . . . , r, j = 1, 2, . . . , p) denotes the fuzzy set, r and p denotes the number of IF-THEN rules and the premise variables, respectively.
T is the premise variables
are known constant matrices with appropriate dimensions. By employing product inference, singleton fuzzifier and centre-average defuzzifier in system (1), the fuzzy system can VOLUME 6, 2018 be inferred as :
where
A. EVENT-TRIGGERED SCHEME
In order to mitigate the burden of the computation in a communication network, an event-triggered communication scheme is introduced to tackle it. Reference is labeled to Fig. 1 , where the measured output y(t) should be checked by the event generator before being transmitted to the dynamic output feedback controller. If the current sampled data satisfies the triggering threshold, it will be transmitted. If not, the current sampled data will not be transmitted. Inspired by [34] , the event-triggered scheme can be formulated as: where 0 < ε < 1, i > 0, i = 1, 2 and i k h = t k h + dh, d ∈ N + are triggered parameters to be designed.
Note that e(i k h) = y(i k h) − y(t k h) is the threshold error. y(t k h) is the last transmitted data, y(i k h) is the current sampling data.
Remark 1: It should be noticed that the event-triggered communication scheme increases the difficulty in designing the output feedback controller. Moreover, the results on event-triggered scheme are related to static fuzzy feedback control and few ones are concerned with dynamic fuzzy output feedback control. This is the first main feature of this paper.
Remark 2: It should be pointed out that all the sampled data are transmitted periodically into the communication link for traditional time-triggered control system [22] - [30] . In this paper, the next transmit instant t k+1 h depend not only on the threshold error, but also on the trigger parameters.
B. FUZZY DYNAMIC OUTPUT FEEDBACK CONTROLLER
In this subsection, the following fuzzy output feedback controller is designed for system (2):
Plant Rule : IF g 1 (x c (t)) is M j1 , and g 2 (x c (t)) is M j2 , and, . . . , and
where x c (t) ∈ R n is the state vector of the controller, y(t) is the measured signal through the event-triggered communication scheme. A cj , B cj , C cj are the controller matrices to be designed. M ij (i = 1, 2, . . . , r, j = 1, 2, . . . , q) denotes the fuzzy set, r and q denotes the number of IF-THEN rules and the premise variables, respectively.
T is the premise variables vector.
Therefore, the global dynamic output feedback controller can be rewrote as
Remark 3: Different from some existing works [11] , [12] , [21] ,and [22] , we first consider the premise variables membership functions structure of the fuzzy output feedback controller are not the same as the studied fuzzy system (2), which increases flexible for deigned controller than some existing results. Thus (5), the fuzzy output feedback controller possess the same premise variables membership functions with the studied fuzzy system, then the controller can be derived by traditional PDC technique. This is the second main feature of this paper.
Remark 4: By introducing the event-triggered communication scheme (3), the measured output of the studied system (2) can not be directly transmitted into the controller. The measured output signal should be checked by event generator. Then, if the measured output data satisfies the threshold of the event-triggered communication scheme, the measured data will be transmitted into communication network and updated the signal of the ZOH. Thus,ŷ(t) = y(t).
As shown in Fig. 1 , consider the effect of ZOH, it yields that:ŷ
where τ t k and τ t k+1 denote the network-induced delays at the transmission instant t k h and t k+1 h, respectively. The holding zone of the ZOH can be divided as the following sub-intervals [36] :
where i = 1, . . . , m−1. For the convenience study, we define τ (t) = t − i k h, according to (7) and (8), it yields that:
It is obvious that τ (t) is a piecewise function withτ (t) = 1. Then, one has
According to the above discussion, theŷ(t) can be represented as:
C. CLOSED-LOOP SYSTEM By considering the fuzzy system (2), the event-triggered communication scheme (3) and the output feedback controller (5), the closed-loop fuzzy system is constructed as follow:
Our attention is focused on the design of a dynamic output feedback controller with event-triggered communication scheme that ensures the closed-loop system to be asymptotically stable with a prescribed H ∞ performance. We suppose that the actuator, controller, event generator and ZOH are event-driven, the sampler is clock-driven. Besides, there is no packet dropout during data transmission.
Furthermore, in order to make the derivation of theorems in our works easily, the definition and the lemma are described as follows.
Definition 1: The closed-loop system (12) is asymptotically stable, if the following two conditions holds:
1) The closed-loop system is asymptotically stable with ω(t) = 0. 2) Under zero initial condition, the closed-loop system satisfies
for any nonzero ω(t) ∈ L 2 [0, ∞) and the prescribed performance γ > 0. Lemma 1 (Seuret and Gouaisbaut [51] ): For a given symmetric and positive matrix U > 0 of appropriate dimensions and different signal x in [a, b] → R n , the following inequality holds:
III. STABILITY ANALYSIS
In this section, a suitable Lyapunov-Krasovskii functional is constructed. By employing Wirtinger inequality and some slack matrices, a novel sufficient condition is presented for that guarantee the closed-loop system is asymptotically stable with the H ∞ performance level γ . Theorem 1: For given scalar a i (i = 1, 2, 3, 4), 0 < ε < 1, 0 < τ 1 ≤ τ 2 , γ > 0, and the membership functions satisfying v j (x c ) − j κ j (x c ) ≥ 0, (0 < j ≤ 1), the closed-loop system (12) is asymptotically stable with the H ∞ performance VOLUME 6, 2018 level γ , if there exist matrices P > 0, Q i > 0 (i = 1, 2), R i > 0 (i = 1, 2), A cj , B cj , C cj and i > 0 (i = 1, 2) are positive definite matrices, such that the following matrix inequities hold with i, j = 1, . . . , r: 
Proof 1: Choose a Lyapunov-Krasovskii functional candidate as
Taking the time derivative of V (t) along the trajectory of the closed-loop system (12) yields, it yields thaṫ
By using Lemma 1, one has:
ξ (s)ds, 78744 VOLUME 6, 2018
Next, we define
Combing (17) to (22), and the event-triggered communication scheme (3), one haṡ
Aiming to derive a less conservative stability condition, some slack matrices are employed as follows:
Let (24) substitute into (23) , it yields that
Then from (13) to (15) and (23) to (25), we can derive thaṫ
Integrating the right and left sides of (26) from 0 to ∞, under the zero initial condition, one can obtain
Therefore, the closed-loop system (12) is asymptotically stable with the H ∞ performance level γ . This completes the proof.
Remark 5: Different from some existing works [21] , [29] , and [40] , by employing the Wirtinger inequality, more useful system items υ i (i = 1, 2, 3) are obtained. In addition, if we only apply ij to obtain the stability conditions of the closed-loop system (12), the stability results are very conservative, because the information of membership functions of the studied system and the dynamic output feedback controller are not utilized. Therefore, in this paper, by introducing some slack matrices to obtain more information and reduce the conservativeness of the stability results.
IV. FUZZY DYNAMIC OUTPUT FEEDBACK CONTROLLER DESIGN
It should be noted that the stability conditions in Theorem 1 can not be directly calculated by MATLAB LMI toolbox. Therefore, in this section, our purpose is focused on converting the inequalities in Theorem 1 to the form of linear matrix inequalities, which can be solved by MATLAB LMI toolbox. The existence conditions of the output feedback controller can be provided as follows.
Theorem 2: For given scalar a i (i = 1, 2, 3, 4), 0 < ε < 1, 0 < τ 1 ≤ τ 2 , γ > 0, δ > 0 and the membership functions satisfying v j (x c ) − j κ j (x c ) ≥ 0 (0 < j ≤ 1), the closed-loop system (12) is asymptotically stable with the H ∞ performance level γ , if there exist matrices P > 0, Q i > 0,Ã cj ,B cj andC cj , such that the following matrix inequities hold with i, j = 1, . . . , r:
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In this case, the corresponding parameters for the output feedback controller are given by
Proof 2: According to Theorem 1, we can set
and definẽ
Then, it should be noted that there exist nonlinear items −PR i P (i = 1, 2), which can not be solved by standard MATLAB LMI toolbox. Thus we can use −2δP + δ 2 R i (i = 1, 2) to replace them, due to the inequality
for any δ > 0. Combing (13) to (15) and (34) to (36), we can easily obtain (28) to (32) . This completes the proof.
Remark 6: We first provide a method to design eventtriggered fuzzy dynamic output feedback controller with asynchronous premise variables. The parameters of admissible fuzzy dynamic output feedback controller can be determined by (33) . The scalar γ can be calculated by solving the following convex optimization problem min γ subject to the inequalities (28) to (32) .
V. NUMERICAL EXAMPLE
In this section, a numerical example is given to demonstrate the effectiveness of the designed fuzzy dynamic output feedback controller. Consider a tunnel diode circuit system as shown in Fig. 2 , where the diode is characterized by i D (t) = 0.002v D (t) + 0.01v 3 D (t). The state variables are x 1 (t) = v C (t) and x 2 (t) = i L (t). The state equations of the circuit system can be presented as follows:
where, ω(t) is the disturbance input, y(t) is the measurement output, z(t) is the controlled output. Then, the system parameters are given as C = 20mF, L = 1H and R = 10 . Thus, the circuit system can be represented as
We assume that |x 1 (t)| ≤ 3, the circuit system can be modeled by the following T-S fuzzy systems
The system's membership functions are chosen as
The fuzzy dynamic output feedback controller's membership functions are chosen as
The disturbance input ω(t) is given by:
other.
For the simulation purpose, the related parameters are assumed as follows: the sampling period h = 50ms; the event-triggered parameter ε = 0.2; the lower bound of delay τ 1 = 0.03s; the upper bound of delay τ 2 = 0.24s,δ = 2; 1 = 0.65 and 2 = 0.5, which ensure that
To be better show the effectiveness of the designed controller, under the initial conditions
the open-loop system state response are derived as shown in Fig. 3 , it is obvious that the open-loop system is not stable. Therefore, by using MATLAB LMI toolbox to handle the linear matrix inequalities in Theorem 2, the performance attenuation level γ = 3.9219 is obtained. In the meantime, the controller parameters and the event-triggered communication scheme parameters are obtained as follows Fig. 4 and Fig. 5 , respectively. One can see that the closed-loop system is asymptotically stable, which shows the designed fuzzy dynamic controller is effective. gered in the simulation time t = 20s, which means only 14% data need to transmit to the next node. This demonstrates the proposed event-triggered scheme can save network resources efficiently. Fig. 8 shows the system membership and the controller membership. From Fig. 3 to Fig. 8 , it can be seen that the designed event-triggered fuzzy dynamic output feedback controller is effective. The proposed method is important for practical NCSs and remote control.
VI. CONCLUSION
In this paper, the event-triggered dynamic output feedback control for networked T-S fuzzy systems has been investigated. With consideration of the limited network bandwidth and the restricted network resource, an eventtriggered scheme has been proposed to save the network bandwidth and mitigate the transmission rate. A fuzzy dynamic output feedback controller with asynchronous premise variables has been designed, which guarantees the studied networked T-S fuzzy systems to be asymptotically stable with a prescribed performance level. Less conservative conditions have been derived by using the Wirtinger inequality and some slack matrices. Results from numerical simulation have been given to demonstrate the effectiveness of the proposed method.
